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A SPECTROSCOPIC INVESTIGATION OF NOVEL DOPED GLASSES 
FOR ACTIVE INFRARED DEVICES 
By Jonathan Edward Aronson 
A number of novel doped glasses have been studied for their potential as 
infrared amplifier materials. Optical amplifiers which operate outside of the 
C-band are likely to form part of future optical telecoms systems. This work 
is focused on transition metal and rare earth-doped materials which could 
provide gain in the telecoms S-band. 
Nickel and Vanadium-doped gallium lanthanum sulphide (GLS) glasses 
were identified as possible new amplifier materials. Emission was observed 
at 1200 nm from Ni-doped GLS and at 1400 nm for V-doped GLS. The FWHM 
of the emission from V-doped GLS  was 450  nm, making it particularly 
attractive for a broadband optical amplifier.  Low temperature emission 
spectra from V-doped GLS  suggest that it is not affected by nonradiative 
decay to the same extent as Cr-doped GLS. 
Thulium and erbium-doped tin silicate glass-ceramics produced by the 
sol-gel  method were studied for  as  potential amplifier materials.  The 
addition of tin  oxide  to  these  glasses  makes  them photosensitive  and 
is shown in this work to increase fluorescence  lifetimes.  However,  the 
addition of >5% Sn02 causes increased infrared absorption which would 
outweigh advantages gained by the increased lifetime. Thulium-doped tin 
silicate glass-ceramics were investigated for the first time, and show a broad 
fluorescence band at 1470 nm with a FWHM of ~120 nm.  The maximum 
lifetime of the 3F4 level was 37 ~s, which is higher than in Tm-doped silica. 
Y203-Ah03-Si02 (YAS)  glass was investigated as a low phonon silicate 
host for a thulium-doped fibre amplifier.  Raman and FTIR measurements 
showed that the maximum phonon energy can be reduced by increasing the 
yttria:alumina ratio and decreasing the silica content. This was confirmed by 
emission lifetime measurements of the 3F4level, which showed an increase 
in lifetime of 20% over the range studied.  A  Tm-doped YAS  fibre  was 
successfully drawn from a glass of the composition 17.4% Y20 3, 22.5% Ah03 
and 60% Si02.  7.5  m  of continuous unclad fibre was fabricated with a 
diameter of 150-350 ~m  at a temperature of 1150°C. The minimum loss in 
the fibre was measured to be 3.6 dB/m at 1360 nm.  This material is shown 
to have good potential for use in S-band fibre amplification. 
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Figure 1.1:  Overview of amplified wavelengths within the telecoms 
window. The vertical lines on the Raman band show typical spacings 
of pump sources required and those in the SOA band show typical 
operating ranges of single devices. 
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Recently there has been interest in both thulium-doped silicate and thulium-
doped bismuth glass fibres for S-band (1460-1530 nm) amplification. These 
fibres are attractive for telecoms applications because they generally have 
good mechanical strength and high melting temperatures, which allows 
the potential of fusion-splicing to standard silica telecoms fibre.  In order 
to develop rare earth-doped amplifiers for other regions of the telecoms 
window, alternative glass hosts are required.  Research in this area has 
traditionally involved praseodymium or thulium-doped fluoride, tellurite 
or chalcogenide glasses. 
Transition metal-doped crystals are well known as broadband laser mate-
rials.  A transition metal-doped glass could have the potential to amplify 
wavelengths across the entire low loss region of silica. 
In addition to extending the wavelength range used by WDM systems, there 
is also a desire towards miniaturisation in optical amplifiers. The length of 
the EDFA is limited by the low solubility of erbium in alumina-doped silica, 
so new materials with increased rare earth solubility are desirable in order 
to reduce the size of devices.  Current research in this area is focused on 
erbium-doped bismuth glass which has improved erbium solubility, though 
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and crystals reported in the literature. Fluorescence is reported for the first 
time in both nickel and vanadium-doped GLS. The emission from V-doped 
GLS has a FWHM of 450  nm and is centred at 1420 nm, making it very 
interesting as a potential amplifier material. 
Erbium and thulium-doped tin silicate glass-ceramics are investigated in 
chapter 5.  Raman spectra and ultraviolet absorption measurements confirm 
that the samples contain tin oxide nanocrystals. Samples containing higher 
tin oxide concentrations are shown to have increased fluorescence lifetimes. 
Hydroxyl concentrations in the samples were estimated to be ~2000  ppm wt. 
A second batch of samples with reduced hydroxyl concentrations showed 
no improvement in fluorescence  lifetimes.  A  broad emission peak was 
observed in the thulium-doped samples at 1470 nm.  The results suggest 
that tin silicate glass-ceramics host rare earth ions at the interfaces between 
the nanocrystals and the glass. 
Chapter 6 presents a study of thulium-doped yttrium aluminosilicate (YAS) 
glasses for S-band amplification.  In the first part, the glass composition 
is  optimised in order to maximise the fluorescence lifetime.  Raman and 
infrared spectra show that altering the yttria:alumina ratio and the silica 
content changes the maximum phonon energy of the glass.  The relative 
effects of this change in maximum phonon energy and changes in refractive 
index are assessed and supported by fluorescence lifetime measurements. 
The second part describes the fabrication of a thulium-doped YAS fibre.  An 
unclad fibre with diameter of ~200 flm was drawn from a solid YAS preform 
rod.  Loss measurements were conducted using the cutback method and 
show a minimum loss of 3.6  dB/m at 1360 nm.  The characteristic broad 
emission at 1470 nm was retained in the fibre and fluorescence resulting 
from upconversion processes was identified at 470 nm. 
The results obtained in this thesis are summarised in chapter 7 and future 
directions of study are proposed as a result of findings in this work. 
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likely to be in the position where the vibrational energy level crosses the 
parabola.  The intensity of the transition depends upon the square of the 
overlap integral of these wavefunctions and so this affects the shape of the 
absorption and emission bands. It  can be seen from Fig. 2.3 that for sufficient 
5 no ZPL will be observed. 
The SeeM is also successful in accounting for the temperature dependence 
of absorption and emission lineshapes. At 0 K all absorption and emission 
transitions will occur from the vibrational ground state. As the temperature 
is increased, transitions from higher vibrational states will occur, adding 
vibrational sidebands to the absorption and emission spectra. 
Nonradiative decay can also be illustrated using the SeeM, Fig. 2.4 shows 
such a diagram for electronic states with a large Huang-Rhys parameter. 
For sufficiently large 5, excitation of the system from the ground vibrational 
state results in the population of a vibrational level of the upper electronic 
state which coincides with the crossing point of the parabolas.  In this case 
the system may relax through the vibrational levels of the lower electronic 
state without the emission of a photon. If  the system is excited to a state just 
below the crossing point, then the same process may occur by tunneling. 
Sufficiently high vibrational states may also be thermally populated; this 
leads to thermal quenching of fluorescence at higher temperatures. 
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A typical modern point-to-point optical telecommunications system com-
prises  a  laser  source,  modulation  device,  transmission  fibres,  optical 
amplifiers and a detector. 
Light travels from the source to the detector through glass optical fibres. The 
transmission fibre is typically made of silica by modified chemical vapour 
deposition (MCVD) [9]. Progress in fibre fabrication techniques over the last 
25 years has resulted in the production of silica fibres with a minimum loss 
of ~0.2 dB/km, close to the theoretical minimum of 0.1 dB/km at 1550 nm. 
In order to  transmit data over long distances,  the  optical signal must 
be amplified periodically to compensate for  the intrinsic absorption and 
scattering losses  associated with the fibre.  During the 1980s,  electrical 
regenerators were widely used for  this purpose.  In these devices,  the 
optical signal was detected and converted into an electrical signal.  It was 
then amplified and reshaped before being converted back to  an optical 
signal using a  semiconductor laser.  Though this  system was sufficient 
for transmission rates up to 10 Gbjs, the electrical regenerator became the 
bottleneck in higher capacity systems [10].  Also,  networks using these 
amplifiers were limited  to  a  single bitrate,  which strongly restricts  the 
scalability of the system.  Further expansion of such networks is limited 
because if different transmission wavelengths were used, a separate device 
would be required to amplify each wavelength. 
The development of the erbium-doped fibre amplifier (EDFA)  in the late 
1980s opened up new possibilities for high bandwidth optical telecommu-
nications.  This all-optical amplifier not only allows many channels to be 
amplified simultaneously in a single device, but they are also insensitive to 
bitrate and modulation format.  All-optical amplification is now by far the 
most cost effective method of achieving high capacity long-haul networks. 
Detectors  in  optical  telecoms  systems  usually  utilise  a  low  noise  pre-
amplifier which amplifies the optical signal before it is detected.  The most 
common detector used in optical telecommunications is the InGaAs PIN 
photodiode. 
One of the long term aims of current research in optoelectronics is to develop 
integrated optical devices.  These devices would comprise a  number of 
functions on a single optical chip. The first challenge of this development is 
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in absorption caused by the  removal  of hydroxyl  in silica  fibre.  The 
introduction of this new fibre brings possibilities of increased bandwidth 
transmission by utilising the E and S-bands (which are shown in Fig. 2.10. 
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Figure 2.10:  Loss of silica fibres over the standard telecoms bands, 
showing the effect of reduced hydroxyl content in AllWave fibres [15]. 
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The  intrinsic  transmission  loss  of  silica  fibre  arises  from  the  infrared 
absorption tail and losses from Rayleigh, Raman and Brillouin scattering. 
Raman and Brillouin scattering are both nonlinear processes and so cause 
problems only at high light intensities.  Rayleigh scattering represents the 
largest loss in silica and shows a dependence on  i\. -4, this leads to the decrease 
in loss from shorter wavelengths to 1550 nm. Multiphonon absorption limits 
transmission beyond this wavelength. There are several candidates for fibres 
with increased infrared transmission, which have much lower theoretical 
minimum losses than silica.  Chalcogenide glasses such as Ga:La:S  and 
fluoride and tellurite glasses (oxide glass with Te02 as the major component) 
are all low phonon energy glasses, which not only have excellent infrared 
transmission, but also benefit from useful spectroscopic properties as glass 
hosts. However, problems associated with making high quality fibres from 
these glasses have limited their usefulness so far. 
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•  Fabrication techniques  should be reliable  and reproducible.  This 
includes  maintaining  consistent  glass  composition  in  a  fibre  and 
achieving a reproducible splicing technique  . 
•  The amplifier should have sufficient mechanical strength and chemical 
stability. Fibre amplifiers can be protected from physical and chemical 
damage by applying suitable coatings, though this is likely to increase 
the production costs. 
The importance of each of these attributes will be weighted according to 
the type of optical amplifier required. For example the requirement for low 
noise is more important in pre-amplifiers and in-line amplifiers than for 
power amplifiers. Mechanical strength and chemical stability may be more 
important for submarine in-line amplifiers where accessibility is  difficult 
and expensive. High output power is important for both power and in-line 
amplifiers, but not for pre-amplifiers. 
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Figure  3.5:  Experimental  setup  used  to  measure  fluorescence 
lifetimes. 
The  time response of the system was measured by observing the light 
scattered from  an alumina ceramic  tile.  In order to  increase  the  time 
resolution of the system, lOx microscope objective lenses were used to focus 
the beam onto the chopper blade.  For measurements requiring a faster 
response, the chopper was replaced by an acousto-optic modulator which 
has a fall-time of 180 ns/mm. 
In order to  detect fluorescence  at visible wavelengths, the InGaAs pho-
todiode was replaced with a Hamamatsu R3236  Sl photocathode photo-
multiplier tube attached to a monochromator.  The monochromator was 
set to pass fluorescence of the required wavelength.  The signal from the 
photomultiplier was amplified by a Stanford SR445 DC-300 MHz amplifier. 
A Stanford SR430 Multi-Channel Scaler was then used to collect the data. 
The resolution of this system is determined by the bin-width defined by the 
user. 
There are a number of reasons that the measured lifetime data deviates from 
single exponential behaviour.  In glasses, the site-to-site variation which 
causes inhomogeneous broadening of spectral lines also leads to a range of 
lifetimes in the material.  In cases where ions are hosted in two distinctly 
different types of site, a double exponential decay may  be observed. A useful 
way of describing non-exponential decay is by fitting data to a stretched 
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were found to host Cr3+  [70].  Broadband infrared fluorescence  due to 
Cr4+ has been observed in several aluminate and silicate glasses [71-77]. 
However, gain has not been reported in any of these materials. This is likely 
to be due to low room temperature quantum efficiencies and excited state 
absorption. 
There have been relatively few  publications reporting the spectroscopy 
of other transition metal-doped glasses.  Absorption measurements were 
made of the transition metals doped into silica in a study into optical loss 
mechanisms in silica fibres  [78].  Similarly,  the absorption of Fe,  Co,  Ni 
and Cu-doped fluoride glasses was measured in work towards achieving 
low loss in fluoride fibres  [79,80].  More recently, the infrared absorption 
properties of Co, Cr, Fe and Ni-doped gallium lanthanum sulphide (GLS) 
have been reported as part of a study of infrared loss mechanisms in GLS 
fibres  [81].  Fluorescence measurements were carried out on a number of 
low valence transition metals in phosphate, silicate and borate glasses in 
a study of potential new laser materials [82].  Also, Coz+ -doped tellurite 
glass was studied as a possible material for passive Q-switching [83]  and 
absorption properties of Ti3+ -doped silicate, borate and phosphate glasses 
have been reported [84,85].  Broadband infrared emission was observed in 
the Ti-doped phosphate glass, but gain has not been demonstrated. 
In this chapter, the chalcogenide glasses are studied as host materials for 
transition metal ions. Chalcogenide compounds are composed of an element 
from group VI  of the periodic table (except oxygen) and other elements 
such as arsenic, gallium and germanium. These materials exhibit excellent 
infrared transparency and have good glass-forming properties. The infrared 
transparency is a result of a low maximum phonon energy which shifts the 
multiphonon absorption edge out as far as 10  flm  [28].  The good glass-
forming ability of these materials has enabled the fabrication of a number of 
chalcogenide glass fibres, in particular ASzS3 fibre is commercially available 
with a loss of 23  dB/km at 2.3  flm  [86].  Gallium lanthanum sulphide is 
another promising chalcogenide glass which has been successfully drawn 
into fibre with a loss of <3 dB/m at 1.5 flm [87].  Several studies of rare earth-
doped chalcogenide glasses have been carried out, and the first chalcogenide 
fibre laser to be demonstrated was Nd-doped GLS [88].  It is worth noting 
that although both a rare earth-doped chalcogenide fibre laser and several 
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transition metal-doped chalcogenide crystal lasers have been reported, no 
transition metal-doped glass laser has been demonstrated to date. 
The  chromium-doped chalcogenide  samples studied in this  work were 
made by Haythornthwaite, who investigated these materials as potential 
materials for broadband amplification [89].  This study reported absorption 
and fluorescence properties and measured radiative quantum efficiencies. 
The absorption and emission spectra suggested that chromium is hosted 
as Cr4+ in chalcogenide glasses.  Broad emission at room temperature was 
observed from 900-1500 nm, which was seen to shift to longer wavelengths 
as  the  temperature was reduced to  ~70 K.  Room temperature lifetime 
measurements showed lifetimes of 0.5-1.7 ~s and quantum efficiencies were 
<4%.  The investigation is  extended here by measuring emission spectra 
at 77  K  and 4 K.  Fluorescence excitation measurements are  also  made, 
which provide further evidence that chromium is hosted in its tetravalent 
state in these glasses.  The absorption and room temperature emission 
measurements are also repeated here. 
The transition metal-doped GLS samples were prepared by Petrovich who 
had previously studied the effect  of transition metal ion impurities on 
infrared absorption in GLS  [90].  In the previous work by Petrovich, the 
valence states of dopant ions in  GLS and GLSO were assigned by comparison 
with transition metal-doped ZBLAN and silica  glasses  and the specific 
absorptivities of the transition metal ions were estimated.  In this work, 
the fluorescence properties of these glasses are investigated for  the first 
time.  Fluorescence spectra,  fluorescence  excitation spectra and lifetime 
measurements are obtained for nickel and vanadium-doped GLS  glasses. 
Low temperature fluorescence spectra and lifetime measurements are then 
made for V-doped GLS.  Absorption measurements are repeated here and 
valence  states  are  assessed  with a  detailed  comparison with transition 
metal-doped crystals and glasses in octahedral and tetrahedral symmetry. 
The fluorescence spectra and lifetime measurements of the vanadium and 
nickel-doped GLS glasses were experiments carried out jointly with Mark 
Hughes, who also fabricated the vanadium-doped samples for Fig. 4.19. 
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Figure 4.3:  Absorption spectra of Cr-doped chalcogenide glasses. 
Glasses fall into two groups:  the Cr absorption peaks at 700 nm in 
group 1 glasses and at 850 nm in group 2 glasses. 
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Chromium commonly exists in 2+, 3+, 4+ and 6+ valence states in solids, 
by comparison with absorption data from  such valence  states in other 
materials it is possible to identify which states may exist in these glasses. 
The long wavelength visible absorption edge precludes the observation of 
many higher energy absorption bands and restricts our attention to  the 
infrared region.  Therefore, since Cr6+ absorbs at wavelengths shorter than 
400 nm [73,95], its presence cannot be detected from the spectra in Fig. 4.3. 
•  The absorption of Cr2+  has been observed in several chalcogenide 
crystals  and  covers  a  broad  band  from  ~  1400  nm  to  2400  nm. 
Absorption bands at these wavelengths were not present in the spectra 
of these samples  . 
•  Cr3+ exhibits absorption bands at ~400 nm and ~650 nm [95,96] and 
though the shorter wavelength band would be obscured, it is possible 
that the peaks we observe in these spectra are due to Cr3+. 
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Again the samples fall into two groups, with the emission from group 1 
glasses peaking at 1050 nm and from group 2 glasses at 1150 nm.  The fact 
that both absorption and emission occur at higher energies in the group 1 
samples can be explained in terms of the sites occupied by Cr in the different 
hosts.  Glasses which provide higher crystal field sites for Cr ions would 
exhibit higher energy absorption and emission transitions.  So the shorter 
wavelength absorption and emission peaks in the group 1 samples can be 
accounted for by considering Cr to be hosted at higher crystal field sites in 
these glasses than in group 2.  A difference in crystal field strength is likely 
to affect the emission lifetimes and radiative quantum efficiencies of these 
groups. These effects are discussed in section 4.2.3. 
Particular attention was paid to the alignment of the sample in the fluores-
cence measurements.  Figure 4.5  shows the absorption and fluorescence 
spectra  of  an  aligned  and  misaligned  Cr-doped  GLS  sample.  In the 
misaligned setup, the emitted light passes through  ~3  mm of the glass before 
leaving the sample.  Reabsorption over this path length causes significant 
distortion of the measured spectrum and results in a peak shift of >50 nm. 
-- unaligned 
-- aligned 
-- absorption 
1000  1200  1400  1600  1800 
Wavelength / nm 
Figure 4.5: Fluorescence spectra of an aligned and unaligned sample, 
showing the effect of reabsorption on the emission band shape. 
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Low temperature emission measurements were taken using a bath cryostat 
filled with liquid nitrogen or helium as described in section 3.3.1.  Again, 
a Ti:sapphire laser tuned to 800 nm was used as the excitation source and 
an RG 850 glass filter was used to prevent scattered excitation light being 
detected.  Fluorescence spectra were taken for all the samples at 77 K, and 
the As2S3 and GLSa samples were chosen for spectra at 4 K. 
At 77 K,  the emission peaks of all samples shifted to longer wavelengths 
and fluorescence intensities were significantly increased. The emission peak 
energies are shown Fig. 4.6  and show that emission from the As2S3  and 
GeSI samples (group 1) is at higher energy than that from the GLS-based 
glasses (group 2).  Emission from the GNS sample was sufficiently strong 
at 77 K to enable a spectrum to be recorded.  The fluorescence spectrum 
of Cr-doped GNS was similar to that of the GLS-based glasses (as was the 
absorption spectrum).  A narrowing of emission bands was also observed 
for all samples at lower temperature. 
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Figure 4.6:  Emission peak positions and at 300  K and 77 K of Cr-
doped glasses, showing that the AS2S3 and GeSI (group 1)  samples 
have emission peaks at higher energy than the GLS-based samples 
(group 2). 
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The large increase in fluorescence intensity observed at low temperature 
suggests that there is significant thermally-activated nonradiative decay at 
room temperature.  An increase in absolute intensity of 10-20  times was 
observed, though quantitative measurements were not made.  A  similar 
temperature dependence is commonly observed in Cr-doped glasses and 
crystals  [72,76,99, 103]  and is  an indication that the radiative quantum 
efficiency is low at room temperature.  Nonradiative decay in transition 
metal-doped  systems  is  site-dependent,  and  preferentially  affects  ions 
hosted at low crystal field sites. This is one of the processes responsible for 
the temperature-dependence of the emission peak. The other mechanism is 
the effect of lattice expansion at higher temperatures, causing a reduction of 
the crystal field strength. This results in smaller gaps between energy levels 
at high temperatures which shifts the emission to longer wavelengths. The 
reduction of emission bandwidths at low temperatures is caused by a change 
in the population of vibrational levels in the ground electronic state. 
The fluorescence spectra for Cr-doped GLSa at 300 K,  77 K and 4 K are 
shown in Fig. 4.7.  Emission spectra at 4 K of the Cr-doped GLSa and As2S3 
samples showed little shift to longer wavelength, but did show a further 
narrowing of the emission bandwidth. The fact that there is little difference 
between spectra at 77 K and 4 K implies that nomadiative decay is not 
significantly reduced at temperatures lower than 77 K.  The reduction in 
emission bandwidth is likely to be due to a decrease in dephasing processes 
caused by a reduction in the number of phonons present in the glass.  This 
then reduces homogeneous broadening, as described in section 2.2.3.1 which 
then reduces the width of the emission band. 
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Figure 4.8:  Fluorescence spectra of Cr-doped GLS when pumped at 
850 nm and 1064 nm normalised to the peak intensity, showing a shift 
in peak emission to lower energy and a narrowing of the emission 
band with the lower energy pump source. 
The measurements show a shift to lower energy and a narrowing of the 
emission band when excited by the longer wavelength source.  This is 
consistent with fluorescence line narrowing, which arises when a narrow-
band excitation source is  used to excite a  subset of the inhomogeneous 
population of ions.  If the excitation source used is  at the low energy 
side of the absorption band,  then only ions at lower crystal field  sites 
will be excited.  For a sufficiently low dopant concentration, the resulting 
fluorescence spectrum will arise only from these ions, and the emission 
will shift to long wavelength. Also, because inhomogeneous broadening is 
effectively reduced, the emission band will be reduced in width. A schematic 
representation of fluorescence line narrowing is shown in Fig. 4.9.  This is 
a  partial Tanabe-Sugano diagram where the inhomogeneous broadening 
is  represented by the range of crystal field  strengths on the x-axis  and 
homogeneous broadening gives rise to the range of energies on the y-axis. 
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other valence states, though the presence of other states cannot be detected 
from the measurements in this work. If  other valence states do exist in these 
samples, they do not appear significantly to affect the spectroscopy. 
Low temperature fluorescence spectra revealed a large increase in emission 
intensity and a significant shift to longer wavelength of the emission peak. 
The increase in intensity suggests that there is significant nonradiative decay 
at room temperature.  This is supported both by short emission lifetimes 
and low quantum efficiencies at room temperature.  The red-shift of the 
emission peak suggests that there is significant inhomogeneous broadening 
in these  glasses.  Wide  site  variations  are  expected  in glasses  because 
of the disordered nature of these materials.  The fact  that fluorescence 
line narrowing is observed with excitation at different wavelengths is also 
consistent with a wide site distribution. 
It  was observed that absorption and emission transitions occurred at higher 
energy for the Cr-doped AS2S3  and GeSI samples (termed group 1 glasses 
in this work) than for the GNS and GLS-based samples (group 2).  This 
was interpreted as the result of a higher crystal field site for the Cr ions in 
group 1 glasses.  This interpretation is supported by the room temperature 
quantum efficiency values, which are higher for group 1 than for group 2 
glasses. Because of the large inhomogeneous broadening observed in these 
materials, this difference in crystal field  strength can be considered as  a 
change in the site distribution rather than a distinct change in a specific site. 
The  optical  spectroscopy  presented  in  this  work  gives  a  number  of 
indications as to how useful these Cr-doped chalcogenide glasses would be 
as gain media. Strong inhomogeneous broadening contributes to the broad 
absorption band exhibited by these glasses. This strong absorption coincides 
with several commercially available, high power laser sources. The glasses 
emit at room temperature, and the broad infrared emission covers much 
of the telecoms window.  However, high nonradiative decay rates at room 
temperature result in relatively low quantum efficiencies.  In their present 
form, it is unlikely that these glasses would be suitable for active optical 
devices. 
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Figure 4.12:  Absorption spectra of nickel-doped GLS and undoped 
GLS.  The Ni-doped sample shows a strong absorption at  ~900 nm 
and a broad, weak absorption at ~1600 nm  . 
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•  Ni2 +  has been known as  a  laser  ion since  the  early 1960s,  when 
lasing from octahedrally coordinated nickel-doped MgF2 was demon-
strated  at  ~  1.6  flm  at  77  K  [117].  However,  despite  various 
spectroscopic  investigations  into  nickel-doped  fluoride,  chloride, 
oxide and sulphide crystals, lasing has not been achieved at room 
temperature [80,112,118-120].  Infrared absorption of octahedral Ni2 + 
shows peaks at ~900 run and ~1500 run.  The long wavelength peak 
varies considerably from 1100 nm to 1650 nm in crystals with different 
crystal field strengths [56].  Studies of Ni-doped zirconium fluoride 
glasses also revealed absorption peaks due to octahedrally coordinated 
Ni2 + at 900 nm and 1500 nm [79,80]. 
Absorption due to tetrahedral Ni2 +  has been recorded in Ni-doped 
chalcogenide crystals [121] and in a Ni-doped oxide crystal [56].  Both 
these crystals showed a strong absorption peak at ~800  nm and weaker 
peaks at ~1100 nm and ~2000  nm. 
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•  Ni3+ in octahedral sites was found in Ni-doped Ab03, however no 
absorption bands were reported above 700 run [113]. 
The  absorption  spectrum  of  Ni-doped  GLS  is  shown in Fig.  4.12  and 
corresponds most closely to that of octahedrally coordinated Ni2+.  It is 
not  possible to  exclude the possibility that nickel ions are tetrahedrally 
coordinated from the absorption spectrum alone, however the study of the 
fluorescence from the Ni-doped GLS sample shown in section 4.3.2 supports 
the assignment of octahedral Ni2+. 
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Figure 4.13:  Absorption spectra of copper-doped GLS and undoped 
GLS, showing no clear infrared absorption peaks. 
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•  Cu-doped silica glass has been found to host only Cu+, which has 
a full 3d shell [78].  Absorption spectra of Cu-doped silica shows an 
increased UV absorption and no absorption in the infrared. 
•  Octahedrally coordinated Cu
2+ was found to be hosted in a zirconium 
fluoride glass [79].  A broad infrared absorption peak was observed 
from 950-2000 run. 
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which  extends  to  1000  run.  This  absorption  was  attributed  to 
octahedrally coordinated Ti3+. 
•  Ti4+ has no 3d electrons and therefore cannot  be identified by absorption 
peaks in the visible or infrared.  However Ti4+  was identified in a 
Ti-doped fluoride glass by an increase in ultraviolet absorption caused 
by a charge transfer process [79]. 
The absorption spectrum for Ti-doped GLS shown in Fig. 4.14 shows little 
change in absorption from that of undoped GLS. It  is therefore not  possible to 
identify the valence of the Ti ions in the GLS sample, though it looks unlikely 
that the sample contains octahedrally coordinated Ti3+  as the absorption 
from this ion can extend out as far as 1000 run. 
'7 
S  u  - ...... 
~ 
C,) 
'u  ...... 
"-'  "-'  C,) 
0  u 
~ 
0  ......  ...... 
0... 
l-< 
0 
Cfl 
~ 
0.8 
0.7  -- Fe-doped GLS 
-- undoped GLS 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 
500  1000  1500  2000  2500 
Wavelength / nm 
Figure 4.15:  Absorption spectra of iron-doped GLS  and undoped 
GLS, showing a broad strong absorption structure from 1000 nm to 
beyond 3000 nm. 
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•  Tetrahedrally coordinated Fe2+  has been demonstrated as a tunable 
laser ion in Fe-doped ZnSe at 180  K [69].  The infrared absorption 
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spectrum of this laser crystal shows a broad double-peaked band from 
2.5  flm  to 4  flm.  A  similar  spec~rum was observed in a  Fe-doped 
fluoride glass which spans from 0.9 flm to 3 flm and was also attributed 
to Fe2+ [79]. 
•  Absorption due to tetrahedrally coordinated Fe3+  was observed in 
Fe-doped silica [78].  This causes a strong absorption band in the UV 
region below 600 nm  . 
•  Tetrahedral Fe6+  has been reported to be hosted in a K2S04  crystal. 
Absorption bands were reported at 500 nm and 770 nm. 
The absorption spectrum for Fe-doped GLS is shown in Fig. 4.15 and shows 
a strong, broad band from 1000 nm to beyond 3000 nm.  This distinctive 
shape is similar to the absorption of various Fe2+ -doped materials, so it is 
attributed to the 5E  ~5T2  transition of tetrahedrally coordinated Fe2+.  The 
presence of some Fe3+ cannot be ruled out, since the resulting UV absorption 
would be obscured by the electronic absorption edge of GLS. 
73 Chapter 4  Transition metal-doped chalcogenide glasses 
and a Graseby Infrared liquid nitrogen-cooled InSb detector (sensitive from 
2000-5000 nm). 
Emission was not observed at either pump wavelength from the Fe,  Cu, 
Ti and Co-doped GLS samples over the range 800-5000 nm.  The Ti-doped 
GLS  sample was also pumped directly with the Ar+  laser, but again no 
fluorescence was observed in the near infrared. 
Emission appears to be centred around 1200 nm was observed from the Ni-
GLS sample when pumping at 800 nm. Similar emission was also observed 
on pumping with 900  nm, but with much lower intensity,  pumping at 
1064 nm did not produce any measurable emission. The emission spectrum 
on pumping with the 800 nm laser is shown in Fig. 4.17. 
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Figure 4.17:  Emission spectrum of nickel-doped GLS  pumped at 
800nm. 
Emission was also observed from the V-doped GLS when pumping both at 
800 nm and 1064 nm. The emission intensity was stronger when pumping at 
1064 nm than at 800 nm, though quantitative measurements were not made. 
Figure 4.18 shows the spectrum measured by pumping at 1064 nm. 
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fluorescence  in the range 1000-2200  run.  The  resulting lifetime  data is 
shown in Fig. 4.20 with the stretched exponential fit,  which is  discussed 
in section 3.4. 
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Figure  4.20:  Emission  lifetime  measurements  of Ni-doped  GLS 
pumped  at  800  nm  at  room  temperature,  showing  a  stretched 
exponential lifetime of 40 fls. 
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The  stretched  exponential lifetime  for  Ni-doped GLS  is  40  fls  at room 
temperature.  This is  20  times greater than the lifetime of the Cr-doped 
chalcogenide glasses. However, the decay is highly non-exponential, with a 
stretch factor of 0.42. 
Lifetime data for the V-doped GLS  sample was obtained using the same 
setup as used for the Ni-doped sample, except a Nd:YAG laser was used as 
the pump.  A semiconductor filter with a bandgap at 1200 nm was placed 
in front of the detector so that emission over the range 1200-2200 run was 
collected.  The same measurement was repeated with the V-doped GLS 
sample in a cryostat at 77 K . The data obtained is shown in Fig. 4.21 with 
stretched exponential fits. 
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Figure  4.21:  Emission  lifetime  measurements  of  V-doped  GLS 
pumped at 1064 nm at 300 K and 77 K, showing an increase in lifetime 
from 32 fls to 61  fls at lower temperature. 
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The lifetimes measured for V-doped GLS were 32  ~s at 300 K and 61  ~tS at 
77 K, with stretch factors of 0.70 and 0.69 respectively. This room temperature 
lifetime is longer than the lifetime of V-doped LiGa02 and LiAl02 which 
showed room temperature lifetimes of 11  ~s and 0.5  ~s respectively. 
In  order  to  investigate  the  concentration  dependence  of  the  emission 
lifetime in V-doped GLS,  three more GLS  samples were obtained with V 
concentrations of 0.1 %, 0.5% and 1.0%.  Lifetime data for these glasses is 
shown in Fig. 4.22. 
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V-doped samples were measured using the setup described in section 3.5. 
In order to take excitation spectra over a wide wavelength range, a number 
of scans were required using different gratings of the monochromator. The 
excitation spectrum for Ni-doped GLS is shown in Fig. 4.23. 
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Figure  4.23:  Excitation  spectrum  of  Ni-doped  GL5,  collecting 
emission from 1000-2200 nm showing a single band centred around 
650 nm. 
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The excitation spectrum for Ni-doped GLS appears to have a peak between 
600-700  nm which extends out to 950  nm.  This follows  the absorption 
spectrum  shown  in  Fig.  4.12,  however  as  the  excitation  wavelength 
approaches the bandgap absorption of GLS  (~650 nm) absorption of the 
glass host will deform the measured spectrum. 
The  excitation spectrum for  V-doped  GLS  is  shown in Fig.  4.24.  This 
excitation spectrum reveals more detail than is shown in the absorption 
spectrum of V-doped GLS (Fig. 4.11).  Three distinct peaks are observed at 
550 nm, 750 nm and 1200 nm. 
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Figure 4.24:  Excitation spectrum of V-doped GLS, showing peaks at 
550 nm, 750 nm and 1200 nm. 
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The peaks revealed at  550 nm, 750 run and 1200 run in the excitation spectrum 
of V-doped GLS correspond closely to the absorption peaks of V-doped YAG 
which were measured at 590 nm, 800 run and 1250 run [110].  A comparison 
with the absorption spectrum of V-doped GLS (Fig. 4.11) shows a difference 
in the longest wavelength peak which is centred at 1100 run in the absorption 
spectrum and 1200 nm in the excitation spectrum.  It is important here 
to distinguish between the set of ions which contribute to the absorption 
spectrum and those which contribute to the excitation spectrum.  Ions in 
all sites in the material will absorb incoming light of certain wavelengths 
and  contribute  to  the  absorption spectrum.  However,  in fluorescence 
excitation measurements, only ions which lead to fluorescence contribute 
to the spectrum. Considering the fact that nonradiative decay preferentially 
affects ions in low crystal field sites, it is expected that excitation spectra may 
be shifted to higher energy with respect to absorption spectra.  However, 
the opposite is true in the spectra of V-doped GLS.  This shift could be 
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Si02 and so  may allow for  more efficient  optical transitions;  it is  also 
photosensitive and therefore allows UV-writing of permanent refractive 
index changes. 
Photosensitive germanosilicate glass fibre was first reported in 1978 and has 
since proved an important material for optical telecoms applications [135]. 
More recently,  tin-codoped  germanosilicate and tin-doped silica  optical 
fibres  have been fabricated which show photo-induced refractive index 
changes three times larger than that shown in germanosilicate fibers. These 
glasses show good thermal stability of the refractive index change and tin-
doping does not affect transmission at telecoms wavelengths [136].  Photo-
sensitivity in materials for planar devices is desirable so that direct writing 
of waveguide structures and Bragg gratings within these waveguides can 
be achieved. 
There have been several studies of tin silicate glasses prepared by the sol-gel 
method [128,137] including investigations into the mechanisms responsible 
for the photosensitivity [138]  and the effect of SnOTdoping on the Raman 
spectrum [139].  A  study of erbium-doped tin silicate  glass  confirmed 
that this composition retains the photosensitivity of only tin-doped silica 
and that the fluorescence properties of erbium were not affected by the 
tin doping [140].  It was reported in one  of the  early publications  on 
sol-gel-produced tin silicate glass that nanocrystals of Sn02 were formed 
in compositions with higher tin concentrations  [128].  There have since 
been several studies of this glass-ceramic material [141-143  ], which reported 
UV absorption, Raman and transmission electron microscope analysis.  An 
investigation into the photosensitivity of tin silicate glass-ceramics reported 
a UV-induced negative refractive index change of the same strength as that 
shown by tin-doped silica glass [144,145]. 
One study of erbium-doped tin silicate  glass-ceramics fabricated by the 
sol-gel method reported that erbium ions are embedded in low phonon 
energy Sn02 nanoclusters in these materials [142].  However, this was not 
confirmed by another study of these materials in which it was shown that 
erbium ions are not hosted in Sn02 crystals [146]. 
In this chapter, a range of thulium- and erbium-doped tin silicate glass-
ceramics containing different concentrations of rare earth, tin oxide and 
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process. The hydroxyl absorption which coincides with part of the telecoms 
window is centred at ~  1400 nm and the strength of this absorption band can 
be used to determine the hydroxyl concentration. However, this absorption 
arises from the first OH-stretching overtone and is much weaker than the 
absorption of the fundamental vibration [151].  Since the tin silicate samples 
were just 1 mm thick, it was more appropriate to measure the intensity of 
the fundamental OH-stretching mode which occurs further in the infrared 
at  ~2700 nm.  The fundamental hydroxyl absorption of each of the tin 
silicate samples was measured by Fourier transform infrared spectroscopy 
(FTIR). Experimental details are given in section 3.1.1 and the results for the 
Er-doped samples are shown in Fig. 5.3.  The background absorption slope 
was subtracted from each spectrum so that the intensity of the hydroxyl 
band could be more easily measured. 
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Figure  5.3:  FTIR  spectra  of Er-doped  tin  silicate  glass-ceramics, 
showing the range of strengths of the fundamental OH-stretching 
absorption.  The background absorption slope has been subtracted 
from each spectrum. 
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Figure 5.6:  Absorption spectra for the Er3+ -doped tin silicate glass-
ceramics,  showing  the  electronic  transitions  of  Er3+,  a  hydroxyl 
absorption peak at 1400 nm and increased infrared absorption for 
samples with>  15% Sn02. 
The strong infrared absorption edge for samples with 15% Sn02  has not  been 
reported in previous studies of tin silicate glasses or glass-ceramics. 
The broad infrared absorption observed in the spectra of the 15%  Sn02 
samples was investigated further using FTIR spectroscopy. FTIR absorption 
measurements were made as described in section 3.1.1  and the spectra of 
the samples with 200 ppm Er3+ are shown in Fig. 5.7.  These spectra show 
the that infrared absorption tail continues into the mid infrared. The peak 
at 3600 cm-
1 is due to the fundamental hydroxyl stretching band [155]. 
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Sn02 conc. 
2% 
2% 
15% 
15% 
15% 
Er3+ conc. 
I ppm wt. 
200 
1000 
200 
2000 
5000 
Rare earth-doped tin silicate glass-ceramics 
Emission lifetime 
Ims 
2.5 
0.7 
4.1 
1.9 
1.3 
Stretch factor 
0.67 
0.48 
0.80 
0.63 
0.58 
Table  5.2:  Fitting parameters for  stretched exponential emission 
decays for  Er3+ -doped tin silicate  glass-ceramics,  showing longer 
emission lifetimes and larger stretch factors for samples containing 
more Sn02. 
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Figure 5.11:  Emission decay lifetimes from the 4113/2 level in Er3+-
doped tin silicate glass-ceramics, showing a decrease in lifetime with 
higher Er concentration and with lower Sn02 content. 
Shorter  emission  lifetimes  are  observed  in  samples  with  higher  Er3+ 
concentrations and the 15% Sn02 samples show longer emission lifetimes 
than the 2% Sn02 samples for similar Er3+ concentrations. This is in contrast 
to  the case for Er3+ -doped tin silicate glasses,  for which the tin doping 
did not affect the fluorescence properties [140].  Samples with higher Sn02 
concentrations also produced decay curves which were closer to exponential 
behaviour.  This can be seen in Fig. 5.10 and is also reflected in the stretch 
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ceramics could be fabricated which showed the active ions embedded in the 
nanocrystals, then the emission properties would be drastically changed. It 
would be interesting to determine how different heat treatments both during 
and after fabrication affect the spectroscopy of the dopant ions. 
If these materials are to be considered further for telecoms applications, it 
is important to determine the origin of the increase in infrared absorption. 
This could involve fabricating samples with a range of Sn02 concentrations 
in order to establish if there is a threshold for this absorption edge increase. 
Also, absorption measurements should be made on samples at different 
stages of the fabrication process. 
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samples were cut into slabs of ~5 mm thickness which were then polished 
on two parallel faces and on one perpendicular side. 
As some glass remained in the platinum crucible after casting, crucibles were 
cleaned in HF solution for at least 5 hours, then rinsed with deionised water 
and placed in a drying cabinet for at least 1 hour. 
The initial selection of compositions was made to cover a  wide area of 
the glass-forming region.  The glass-forming region was investigated by 
Shelby and covers the approximate ranges:  10-30% Y203,  15-45% Alz03 
and 35-80% Si02 [168].  The position of all the chosen compositions in 
the Y20 3-Alz03-Si02 system is shown in Fig.  6.1.  Further compositions 
were chosen either with different dopant concentrations or with a modified 
preparation  procedure in  order to improve sample quality. Various problems 
were encountered in the quality of the samples, these are outlined inthe 
appendix in tables B.1 and B.2 and are discussed further in section 6.7. 
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A  study of Raman spectra of various rare earth aluminosilicate glasses 
reported a single Raman peak at  ~950  cm-1 and a shoulder at  ~400  cm-1 [170]. 
The  shoulder  at  ~400 cm-1  is  likely  to  arise  from  the  silica  content 
(d. Fig.  5.2).  The peak at  ~950 cm-
1  is  associated  with non-bridging 
oxygens (NBO) on Si04  tetrahedra and was seen to shift to lower energy 
in samarium aluminosilicate glasses with higher Sm203:Alz03 ratio.  No 
significant differences  were observed in the Raman spectra of  different 
rare earth aluminosilicates.  This trend will be looked for here in yttrium 
aluminosilicate glasses, with the aim of optimising the glass composition in 
order to reduce multiphonon decay in thulium-doped samples. 
Using the procedure described in section 3.2, Raman spectra were measured 
for samples YAS1,  YAS5  and YAS2  which contain Y  203  and Alz03 in the 
ratios 15:25, 17.5:22.5 and 20:20 respectively.  The Raman spectra of each of 
these samples is shown in Fig. 6.2 and shows a small shift in peak intensity to 
lower energy with increased yttria content. Though the shift is not present at 
energies higher than 1000 cm-1, the same trend is seen more clearly in Fig. 6.3 
for samples YAS7 and YAS6 which have Y20 3:Alz03 ratios of 20.6:25.6 and 
23.1:23.1 respectively. 
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In order to determine how changes in silica content affect Raman spectra, 
samples  YAS2,  YAS6  and  YAS3  were  compared which have  the  same 
Yz03:Ah03 ratio and SiOz concentrations of 60  mole%, 53.75  mole% and 
47.5  mole% respectively.  Raman spectra for these samples are shown in 
Fig. 6.4 and show that samples with lower silica content show a shift of the 
Raman peak to lower energy.  The spectra also shows a clear a decrease in 
the width of the Raman peak in samples with lower silica content.  This 
narrowing was also seen in samarium. aluminosilicate glasses with higher 
Ah03:SiOz ratios [170], where the decrease in width was interpreted as a 
sign of reduced disorder in the silicate network of the glass. 
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Figure 6.4:  Raman spectra of samples YAS2, YAS6 and YAS3 in order 
of decreasing SiOz content, showing a decrease in the phonon energy 
in samples with low silica content. 
The Raman measurements in this section show that the maximum phonon 
energy of YAS  glass can be reduced by choosing a composition with high 
yttria:alumina ratio, and with a low silica content. 
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Figure 6.6:  Infrared absorption spectra of YAS2,  YAS6 and YAS3 in 
order of decreasing Si02 content, showing a  shift in multiphonon 
absorption edge to lower energy in samples with lower silica content 
which implies a decrease in phonon energy. 
In order to  determine relative  hydroxyl contents of the samples,  FTIR 
spectra were taken in the region of the fundamental O-H stretching band at 
3500  cm-1.  Since the extinction coefficient for hydroxyl in these glasses 
is  not known,  absolute  values  of hydroxyl  concentration could not be 
calculated.  The spectra are shown in Fig. 6.7 with background absorption 
slopes subtracted, and show that the hydroxyl concentration varies by  a 
factor of  ~3 between samples.  This was not expected because care was 
taken to maintain consistency between glass melts.  The reason for  this 
difference is not clear, though since the hydroxyl content of YAS12 was not 
altered after remelting it is not likely to be introduced during melting. 
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Milon laser diode was used as the excitation source and fluorescence was 
detected at 790 run using a Hamamatsu R3236 photomultiplier tube.  The 
time response of the system was 1 fls and was limited by the bin-width set 
on the multichannel scaler. 
Figure  6.11  shows the results  for  samples YAS1  and YAS5  in order of 
increasing Y203:Ah03 ratio. The stretched exponential function was used to 
determine lifetimes from the data, as described in section 3.4. The lifetimes 
of the YAS1 and YAS5 samples were 60 fls and 59 fls respectively. The results 
from Raman measurements show that the maximum phonon energy in these 
samples is reduced in glasses with higher yttria content; this would lead to 
decreased multiphonon decay, and an increase in the measured lifetime. 
The difference in the lifetimes of these samples is small, so it is helpful to 
estimate the magnitude of this effect on the observed lifetime. 
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Figure 6.11:  Fluorescence lifetime measurements of the 3F4 level of 
thulium-doped samples YASI and YAS5, showing lifetimes of 58  fls 
and 59  fls respectively. 
1.2 
The increase in fluorescence lifetime caused by a decrease in the maximum 
phonon  energy  of  the  host  can  be  estimated  with  knowledge  of  the 
multiphonon decay rate and equation 2.12.  Since the measured lifetime has 
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Fluorescence lifetime data for the 3F4 level of thulium doped samples YAS2, 
YAS6  and YAS3  which contain decreasing amounts of silica are shown in 
Fig.  6.13.  These samples all contain the same Y203:Ah03 ratio and the 
lifetimes of 60  ~s, 67  ~s and 71  ~s show that decreasing the silica content of 
this glass increases the 3F4lifetime, as expected from Raman measurements. 
The difference measured between the lifetimes of YAS6 and YAS3 is 4 ~s and 
that between YAS2 and YAS6 is 7 ~s; these are both in reasonable agreement 
with the estimated value of 3 ~s . 
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Figure 6.13:  Fluorescence lifetime measurements of the 3F4 level of 
thulium doped samples YAS2, YAS6 and YAS3, showing lifetimes of 
60 fls, 67  ~LS and 71  fls respectively. 
1.2 
Figure 6.14 shows the effect of thulium concentration on the lifetime of the 
3F4  level.  The host composition of samples YAS9,  YAS3,  YAS12 and YAS8 
is the same, and they contain 200 ppm, 500 ppm, 1000 ppm and 4000 ppm 
Tm3 +  respectively.  The lifetimes obtained by fitting stretched exponential 
curves are 77  ~s, 71  ~s, 71  ~s and 62  ~s respectively. The decay data for the 
500 ppm and 1000 ppm samples are almost within the noise of the 200 ppm 
sample, the lifetime for the 4000 ppm is clearly shorter than that of lower 
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doped samples.  This indicates that concentration quenching does occur in 
the 4000 ppm sample. 
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Figure 6.14:  Fluorescence lifetime measurements of the  3F4  level 
of YAS  samples with increasing thulium concentrations,  showing 
concentration quenching.  Samples YAS9,  YAS3,  YAS12  and YAS8 
show lifetimes of 77 fls, 71  fls, 71  fls and 62  fls respectively. 
Fluorescence lifetime measurements were also made for the 3H4 level by 
pumping at 800 nm and measuring fluorescence at > 1700 nm with an InGaAs 
detector. 
It  should be noted that this measurement relies on decay from the 3F4 and 3HS 
levels to populate the 3H4 level; this will cause a distortion to the first part of 
the decay data as the 3H4level continues to be populated for a short time after 
the excitation light has been removed.  Samples YASS and YAS17 have the 
same host composition and Tm3+ concentrations of SOO ppm and 10000 ppm 
respectively.  The lifetime data is shown in Fig. 6.1S and shows concentration 
quenching at Tm3 + concentrations of >SOO ppm. This is not consistent with 
lifetime data from Er-doped YAS, which showed no concentration quenching 
at a dopant concentration 26000 ppm wt. (10000 ppm ions). 
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ultrasonic drill.  A drill bit with an internal diameter of 8 mm was used to 
cut out a rod from the glass bar at a speed of 1 mm/min. The rod was drilled 
out without cracking and is shown in Fig. 6.17.  As the drilling progressed, 
the outer part of the glass bar cracked showing that future attempts at this 
process should be carried out at a slower rate. 
Figure 6.17: Thulium-doped YAS fibre preform. 
6.7.1.2  Fibre fabrication 
A schematic diagram of the fibre-drawing apparatus is shown in Fig. 6.18. 
The fibre tower essentially consists of an RF furnace with a cylindrical hole 
through the middle where the preform is placed.  The temperature of the 
furnace is increased until necking starts to occur in the preform.  The fibre 
'drop' is allowed to move out of the furnace and the attached fibre is then 
wound round a drum at the base of the tower. The drum is rotated to apply 
tension to the fibre as it  is drawn. Since the preform will begin necking at the 
hottest part of the inside of the susceptor, the weight of preform below this 
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point will help draw down the fibre as the fibre-drawing starts. As material 
is removed from the preform during fibre-drawing, the preform feed control 
lowers more of the preform into the hotzone. 
Chuck -------+I:  I  Preform feed 
Fibre preform 
- -
Hot zone  0  0 
Susceptor 
0  0 
0  O~  RF coil 
- -
Figure 6.18:  Schematic diagram of the fibre-drawing tower. 
There should be sufficient weight in the preform beneath the hot-zone in 
the susceptor to help draw down the fibre and the preform should be long 
enough to be held by the chuck.  Because the amount of glass which can be 
formed into a rod by casting was limited by the volume of the crucible, it was 
not possible to produce a sufficiently long preform.  One possible solution 
to this problem is to weld the end of the YAS preform to a longer silica rod. 
Several attempts were made to join YAS glass samples to silica glass. On the 
first attempt both the silica rod and YAS glass here heated with a hydrogen-
oxygen torch.  While heating the YAS  glass,  many small bubbles were 
produced, forming a white foam.  These bubbles at the interface between 
materials made the join too weak for practical use. A number of other YAS 
compositions were heated in the same way with similar results. In order to 
discount that the torch was introducing the bubbles, a sample of YAS glass 
was heated with a 40 W Synrad CO2  laser.  The foam was still produced 
on heating with the CO2  laser.  When a YAS  sample was melted inside a 
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silica tube, the sample melted without producing foam.  It appears that 
the foaming is only created by vigorous heating, though the origin of the 
foaming is not known. 
The alternative approach for mounting small preforms in a large fibre tower 
is to attach the preform to a silica rod with tungsten wire.  Grooves were 
cut into the sides of the preform and the wire was fixed by winding round 
the preform. This arrangement can be seen at the top of Fig. 6.20.  The main 
risk involved with this technique is that the tungsten wire will be heated 
up sufficiently to melt the preform around it, causing the preform to fall 
through the fibre-drawing tower. 
In  order to determine the approximate temperature for fibre-drawing, a trial 
was first conducted on one of the samples prepared for the spectroscopic 
investigation.  The YAS3 sample was chosen for the trial because this was 
the longest at 37 mm. A first attempt was made on a smaller fibre-drawing 
tower which was unsuccessful. In this attempt, the susceptor was heated in 
20-30°C steps to the maximum at 1070°C, at which temperature no change 
was observed in the YAS glass.  A second attempt was made using a larger 
drawing tower which was capable of reaching higher temperatures.  This 
attempt was successful,  and movement of the sample was observed at 
1160°C. The result of this trial is shown in Fig. 6.19, which shows that the 
glass was heavily crystallised during heating.  This was to be expected at 
this temperature as Jander reported the crystallisation temperature of this 
composition to be 1142°C [146].  However, as the YAS composition used for 
the preform was nearer the centre of the glass-forming region and so would 
be less prone to crystallisation. 
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the light from which was focused into a monochromator. A Stanford lock-in 
amplifier with an InGaAs photo  diode was used to measure the light passed 
through the monochromator in a similar arrangement to that described in 
section 3.3. 
The emission at 1470 nm is shown in Fig. 6.25 and is corrected for the spectral 
response of the system. The emission FWHM is 137 nm in the fibre, which 
is broader than the 129 nm FWHM observed in the bulk glass.  This may 
be due in part to the lower resolution of the YAS  fibre spectrum (11  nm 
instead of 5 nm), although there does appear to be broadening of the short 
wavelength tail of the 1800 nm emission. This could be a result of increased 
inhomogeneous broadening caused by the either the extra heat treatment, 
or by the fibre  drawing, in which case it further increases the material's 
potential as a broadband S-band amplifier. 
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Figure 6.25:  Emission from thulium-doped YAS fibre when pumped 
at 800 nm. The spectral resolution is 11 nm. 
While pumping at 800 nm to measure the emission at 1470 nm, blue emission 
could be seen from the fibre at pump powers of >  1 W.  A spectrum was 
recorded of this blue emission using an OSA and is shown in Fig.  6.26. 
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stretched exponential producing a lifetime of  13 fls. This is much  shorter than 
that measured in various fluoride and silica glasses. The IG4 level lifetime 
was measured to be ~550 fls in Tm-doped fluorozirconate glasses [177,178] 
and 200  fls  and 300  fls  in Tm-doped germanosilicate and alumino  silicate 
glass fibres respectively [179]. It  is unlikely that differences in multiphonon 
decay rates could be responsible, because the energy difference between 
the IG4  and 3F2 levels is approximately 6500 cm-1  (almost 7 times the host 
phonon energy).  It is likely that the lifetime measurement is distorted to 
some extent due to the indirect pumping scheme used to populate the upper 
level. Further experiments utilising different pump schemes would be useful 
to confirm this measurement. 
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Figure 6.29:  Fluorescence lifetime data for the IG4  level in thulium-
doped YAS  fibre,  pumped at 800  run,  showing the result of the 
stretched exponential fit with a lifetime of 13 fls. 
There has been considerable interest in visible upconversion lasers, partic-
ularly in thulium-doped glass fibre lasers [180-182].  However, the use of 
these fibres has been limited by the effect of photo  darkening, which occurs 
on the timescale of hours in Tm3 + -doped ZBLAN [183]  and in seconds in 
Tm3 + -doped silica [184]. No reduction in the intensity of the 470 nm emission 
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demonstrating S-band amplification.  In order to investigate the problem 
of concentration quenching, a range of erbium-doped YAS glasses should 
be prepared and lifetime measurements compared with those reported by 
Jander [166].  Photo  darkening should also be investigated to establish if  YAS 
glass may be useful for up  conversion fibre lasers. 
·f  ~o.  , 
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without  being  broken accidentally. The fibre had a minimum loss of 3.6 dB/m 
at 1360  nID,  which should be improved upon by reducing the hydroxyl 
content and by fabricating a fibre with a core-cladding structure. 
Future work should be focused on finding a suitable cladding glass for a 
YAS fibre. The fabrication of a Tm-doped YAS fibre with a sufficiently small 
core would then allow an attempt at S-band amplification.  Improvements 
in the glass quality by removing transition metal and hydroxyl impurities 
should result in a lower fibre  loss.  The 470 nm emission observed from 
the Tm-doped fibre in this work makes this glass a potentially interesting 
material for an up  conversion laser.  Experiments to determine if the glass 
is affected by photo  darkening should be carried out. Finally, concentration 
quenching effects should be investigated further in these materials, since 
materials which can incorporate rare earth dopants in high concentrations 
are potentially useful as short fibre of planar waveguide amplifiers. 
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